INTRODUCTION
Cave air circulation is an important phenomenon that controls (1) cave microclimatology (Wigley & Brown, 1971; de Freitas & Littlejohn, 1987) and (2) speleothem growth via the impact of cave PCO 2 (Banner et al., 2007; Baldini et al., 2008) . In principle, cave airflows can be produced (1) dynamically, by moving fluids (Cigna, 1968) , or (2) statically, by pressure differences derived from different air densities (Bögli, 1978; de Freitas et al., 1982) . We have focused on the second mechanism because this one operates in the cave of interest. Generally, cave air circulation shows strong seasonality. Based on geometry, static caves with one entrance and dynamic caves with two and more entrances at different levels can be distinguished (Geiger, 1966) . In contrast to static caves, dynamic caves ventilate throughout the entire year. In principle, cave airflows are controlled by external temperatures. If T exterior < T cave , upward airflows occur in the cave (external air enters the cave at the lower entrance and flows out from the cave at the upper entrance). This regime is called upward airflow ventilation mode (UAF mode). If T exterior > Tc ave , cave airflows move the opposite way. In this case, we talk about downward airflow ventilation mode (DAF mode) (see Faimon et al., 2012 for detail).
Airflow dynamics were studied in Císařská Cave (Moravian Karst, Czech Republic) under different seasonal conditions. The dependence of airflows on the difference between external and cave temperatures is nonlinear and roughly obeys the Darcy-Weisbach equation. The upward airflows were found to be systematically higher than the downward airflows under comparable driving forces. The principle reason is nonlinearity between air temperature and air density. U-shaped cave geometry magnifies this effect by feedback between external temperature and airflow driving forces. Whereas this feedback is positive during the upward airflow ventilation mode, it is negative during the downward airflow mode. To discuss the behavior in detail, a simplified model based on balancing the masses of two equivalent air columns of different temperatures and densities is proposed. The results contribute to a better understanding of cave microclimate evolution, cave CO 2 dynamics, and speleothem growth. airflow; air density; cave; temperature difference; temperature profile; ventilation mode; conceptual model
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to estimate the altitude of the given site. Airflows were detected by the FVA935 TH4 thermo-anemometersensor (measuring range from 0.05 to 2 m s -1 with a precision of ±0.04 m s -1 ) connected with the ALMENO 2290-4 V5 (Germany) Ahlborn datalogger. The linear velocity (in m s -1 unit) was consecutively recalculated into volume velocity (in m 3 s -1 ), based on the window cross-section area of ~0.04 m 2 . The temperatures for the ∆T calculation were measured by COMET S3120 dataloggers (measuring range from -30 to +70°C with a precision of ± 0.4°C). Vertical temperature distribution was measured by the Ahlborn FH A646-E1 thermo-sensor (-20 to 0°C, ± 0.4°C; 0 to 70°C, ± 0.1°C). Barometric pressure was measured by the Ahlborn FDA612SA sensor (700 to 1050 mbar, ± 0.5%). Both sensors were linked with the universal ALMENO 2290-4 V5 Ahlborn datalogger. 
RESULTS AND DATA ANALYSIS

Data
The cave airflow data were gathered for external temperatures ranging between -8.1 and 30.5 °C. Airflow is plotted against the temperature difference, ∆T = T external -T cave (Fig. 2) , assumed generally as the airflow driving force (e.g., Christoforou et al., 1996; Luetscher et al., 2008; Fernández-Cortés et al., 2009; Kowalczk & Froelich, 2010; Boch et al., 2011) . Note that the positive airflows correspond to the direction into the cave (inflowing air) and the negative ones to the direction from the cave (outflowing air) (Jernigan & Swift, 2001) . Since the airflow data were gathered at the lower entrance, the positive values correspond to upward airflows (UAF ventilation mode) and the negative values correspond to downward airflows (DAF ventilation mode). At highly negative ∆T (cold (1968) that consists of balancing two equivalent air columns and calculating the driving forces for airflows under different external conditions. The goal of this study is to contribute to the better understanding of airflow behavior in dynamic caves.
METHODS
Site of study
Císařská Cave is formed in the Devonian limestones of the Macocha Formation in the northern part of the Moravian Karst, Czech Republic (Absolon 1970; Faimon et al., 2006 Faimon et al., , 2012 . The position and vertical profile of the cave is given in Fig. 1 . Two entrances at the altitudes of 460.7 m (lower entrance) and 470.7 m (upper entrance) ensure dynamic behavior of air circulation. Both entrances are equipped with steel doors, in which there are windows of 20×20 cm in size (total area of 0.04 m 2 ). The length of the cave is about 250 m. The total volume of the cave is estimated to ~11,500 m 3 . The rock overburden ranges from 15 to 35 m. The external annual air temperature is about ~ 10°C; total annual precipitation is about ~ 650 mm. Presently, the Children Sanatorium with Speleotherapy (Ostrov u Macochy) practices speleotherapy in the cave. About 50 visitors stay in the cave for ~ 20 hours weekly.
Monitoring
All data were collected during the six monitoring campaigns between November 2010 and October 2012, in order to cover the range of the seasonal conditions. The monitoring ran during a 5-day period between individual speleotherapeutic courses. Airflow was logged with 10-second time steps at one point in the center of the window in the lower entrance cave door. The temperatures for ∆T calculations were logged at (i) the surface, about 50 m before the lower entrance, and (ii) in the cave, approximately in the middle of the cave length.
For a mapping of the vertical temperature distribution, temperature was measured (a) along the whole cave and (b) at the outside between the lower and upper cave entrances. Simultaneously, barometric pressure was measured with temperature 
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comprises of (1) the external air column (EC) located in the exterior between the upper and lower entrances, and (2) the short cave air column (SC) located in the cave between the lower entrance and CLP. Both the IC and CC are 21 m high, which is the vertical distance from the upper entrance level to the CLP. The crosssection area of the individual column is 1 m 2 . The airflow driving forces, i.e., pressure differences, result seasons), the airflows achieved mean values of about 0.055 m 3 s -1 . The peak values reached up to 0.08 m 3 s -1 . At the ∆T between -2 and 7°C, the airflows quickly changed their directions (transition mode). At ∆T > 7°C, the airflows increased nonlinearly up to -0.04 m 3 s -1 (the peak values are -0.06 m 3 s -1 ). At all the modes, the airflows were unstable and oscillated with amplitudes up to 0.04 m 3 s -1 and frequency from 0.3 to 40 mHz (periods from 55 to 0.4 minutes) (Fig.  2) . Enormous airflow instability and oscillations of highest amplitude are visible at transition mode at small driving forces (∆T). At higher driving forces, airflows seem to be rather stabilized.
Data on the vertical distribution of temperature in both the exterior and the cave are reported in Table  1 . They are listed relative to vertical levels: the lower entrance is at zero level, the upper entrance is at a level of 10 m, and the cave's lowest point (CLP) is at a level of -11 m. Under different seasonal conditions, the mean cave temperatures ranged between 7.8 and 13.0 °C (see the columns #1 to #6 of Table 1 ). Moreover, cave temperature distribution varies according to airflow directions (ventilation modes). The highest temperature variations appear near the entrance, through which external air flows into cave. For purpose of a better analysis of airflow behavior, some "extreme artificial data" were proposed: (i) data with uniform temperatures through the individual external and cave environments (the columns #7-8) and (ii) data with temperature gradients in the heterothermic zone associated with airflow input (the columns #9-10 in Table 1 ).
Regression analysis
As known from fluid dynamics, the DarcyWeisbach equation relates the square of flow velocity to the head loss or pressure loss. Based on this equation, it was deduced that airflows should be a function of the square root of temperature difference, ∆T (Luetscher & Jeannin, 2004) . Therefore, airflow data were regressed by the function, in the DAF mode. Data fitted by the regression lines are in Fig. 3 . Parameter estimates with the analysis of variance (ANOVA) are given in Table 2 . As follows from the analysis, the dependence is rather weak (correlation coefficient r = 0.60 for UAF mode, and r = 0.74 for DAF mode) but statistically significant (p < 0.001 at the level of confidence  = 0.05).
Conceptual Model
The model of the U-shaped cave consists of two equivalent air columns, (1) the inner column (IC) and (2) the combined column (CC) (Fig. 4a, b) . The IC is situated in the cave between its upper entrance and its lowest point (CLP) given by the water table. The CC . IC is the internal cave column. CC is the combined column consisting of the external air column (EC) and the short cave air column (SC). CLP is the cave lowest point. P IC and P CC are pressures derived from the individual column weights. Table 1 . Real and artificial data on the vertical distribution of cave/external temperatures. 
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More advanced analysis of the "artificial" temperature data (Table 1, the column #7 and 8) showed the mutually distinct pressure differences between IC and CC columns at different modes, ∆P = -8.06 Pa (DAF mode) and 9.29 Pa (UAF mode), despite the same temperature difference, |∆T| = 20°C. The difference is achieved at uniform temperature distributions, separately in IC, SC, and EC. The pressure differences are invariant to SC length -the only crucial point is the difference between the levels of both cave entrances. If the cave air temperature near the entrances is affected by external air (see the "artificial" data in Table 1 , column #9 and 10), the pressure difference is magnified to ∆P = -5.41 Pa (DAF mode) and 11.73 Pa (UAF mode) despite the similar temperature differences, ∆T ~ -18.1°C (DAF mode) and 18.3°C (UAF mode).
DISCUSSION
The peak airflow values up to 0.08 m 3 s -1 found in the Císařská Cave are consistent with the values reported by Buecher (1999) for Kartchner Caverns (Arizona) or with those measured by Faimon et al. (2012) Badino (2010) . The modeling of driving forces showed that the reason of such weak airflows is the small difference between the levels of both cave entrances. The frequencies of airflow oscillations from 0.3 to 40 mHz are roughly in the range reported by Plummer (1969) . Further details on cave airflow oscillations can be found in Faust (1947) , Cigna (1968 ), or Faimon et al. (2012 .
The regression analysis confirmed the dependence of airflows on the square root of the temperature difference and, thus, the appropriateness of the Darcy-Weisbach equation. The found dependence is relatively weak (r = 0.60, UAF mode; r = 0.74, DAF mode). This is due to airflow instability and oscillations rather than temperature fluctuations. The difference in the b-parameter values, |b| = 1.39x10 -2 for UAF mode and |b| = 8.62x10
-3 for DAF mode, indicates inconsistency of airflow at distinct ventilation modes despite the same driving forces. The linear model AF = f(∆T) for the Císařská Cave lower entrance proposed by Faimon et al. (2012) gave the uniform slope dAF/ d∆T = 3.83x10 -3 m 3 s -1 deg -1 for both ventilation modes. The presented extensive data set allows one to specify the dependence more exactly, separately for both individual modes. For comparing both the previous and presented models, we may differentiate eqn. (1): (4) from the differences in weights of the individual IC and CC. Note that the weights are balanced at the lowest point of the cave, not at the cave's lower entrance. To simplify pressure calculation, both the columns have been segmented into cells of 1 m 3 volume, each one of unique temperature and density (Fig. 4b) . The resulting pressure difference, ∆P [Pa], was calculated as (2) where P CC and P IC are the pressures [Pa] derived from CC and IC weights [kg], respectively.
Air density is generally a function of temperature and concentrations of gasses, e.g., CO 2 or/and water vapor. In this study, we only focused on temperature as the most important variable. Details on the impact of other variables on air density can be found in Kowalski & Sánchez-Cañete (2010) or Sánchez-Cañete et al. (2013) . Air density was calculated from the equation for ideal gas,
where ρ is air density (kg m -3 ), P is barometric pressure (P = 101,325 Pa), R air is the specific gas constant for air (R air = 287.058 J kg -1 K -1
), and T is temperature (K). The results of modeling based on real data (Table  1 , column #1 up to #6) are consistent with actual ventilation modes observed. Data in columns #1 up to #3 confirmed predominance of CC mass (resulting in ∆P ~ 8.25, 6.21, and 0.16 Pa), which results in upward airflows (UAF mode). Data in columns #4 up to #6 show predominance of IC weight (resulting in ∆P ~ -2.76, -2.73, and -6.29 Pa) leading to downward airflows (DAF mode). 
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During UAF mode, external cold air entering the cave by the lower entrance cools the air of SC and increases the weight of already heavier CC at this moment. This process creates positive feedback between external temperature and the driving force, which amplifies the differences between CC and IC weights. In this way, the airflow driving forces and, consecutively, cave airflows increase.
During DAF mode, a totally opposite effect operates at the upper entrance: warm and light external air penetrating the cave from the upper entrance lightens the heavier IC at this moment. It creates negative feedback between the external T and the driving forces, which decreases the weight differences between IC and CC and decreases cave airflows. Therefore, both processes participate in increasing the differences between the UAF and DAF airflows.
A tentative analysis of the airflow in caves of different geometries indicates substantive differences between behavior of a U-shaped cave and a straight-shaped cave. If temperatures were distributed uniformly through individual environments (cave air, external air), the geometry would not be important. Just the differences in the altitudes of lower and upper entrances would be crucial for airflow production in such a case. However, only temperature gradients in cave heterotrophic zones produce differences between behaviors of both cave types. Whereas feedback between external temperature and driving forces is positive during UAF-mode in a U-shaped cave, the same feedback would be negative in case of a straight cave. Because a straight cave does not comprise of any SC, the cold external air directly enters the warmer and lighter IC at this moment and diminishes both the pressure differences and driving forces. Therefore, the positive feedback in U-shaped caves changes into the negative feedback in a straight cave during UAF mode. The feedbacks near the upper entrances remain negative regardless of cave geometry. Overall, such behavior results in lesser differences between the UAF and DAF modes in straight caves.
Despite the fact that annual cave temperature is believed to be near the annual external temperature (White, 1988) , instantaneous mean cave temperatures can have a wide range. This is caused be the relatively short length of the cave with an insignificant or missing homothermic zone (Wigley & Brown, 1971) . Based on the annual external temperature ~10 °C, one would expect the ventilation modes to switch only at this temperature. However, data in Fig. 2 show a wide range of temperatures at which UAF and DAF switch over (T ~ from 8 to 15 °C as follows from ∆T ~ -2 to 7 °C). This is roughly consistent with cave mean temperatures varying in the range of 7.8 to 12.9 °C (Table 1) . It indicates the importance of a "short-term history" of the temperature distribution in heterothermic zones for ventilation mode switching.
There is a consensus that cave air circulation controls cave microclimate (Wigley & Brown, 1971 , 1976 de Freitas & Littlejohn, 1987; Buecher, 1999; Faimon et al., 2012) and, in such a way, also cave air P CO2 at least for part of the year (Bourges et al., 2001 ;
Inserting into equation (4) for the b-parameter and for |∆T| in the range from 1 to 15 °C gives the gradient dAF/d∆T ranging from 1.39 x 10 -2 to 9.27 x 10 -4 m 3 s -1 deg -1 for the UAF mode and from 8.62 x 10 -3 to 5.75 x 10 -4 m 3 s -1 deg -1 for the DAF mode. As observed, the range of the values covers the value given by the previous model. The model shows that the airflows in different ventilation modes are inconsistent with each other despite the same ∆T. In other words, a U-shaped cave ventilates more intensively at the UAF mode (in cold seasons) in comparison with the DAF mode (in warm seasons). It is consistent with our empirical knowledge (de Freitas et al., 1982; Buecher, 1999; Dueñas et al., 1999; Spötl et al., 2005; Banner et al., 2007; Badino, 2010; Kowalczk & Froelich, 2010) .
Balancing of masses of IC and OC showed that pressures at the UAF mode exceeded the pressures at DAF mode at the same value of ∆T. In principle, this is due to nonlinearity of density dependence vs. temperature, as shown in Equation (3): the same shift in temperature causes a lesser shift in density at higher temperature (Fig. 5) . For example, let couples of temperature in the cave and external air be (a) T cave = 10 °C, T exterior = 30 °C and (b) T cave = 10 °C, T exterior = -10 °C. In spite of the same temperature difference |T exterior -T cave | = 20 °C, the differences between air densities are distinct, ∆ρ = 0.082 kg m -3 and ∆ρ = 0.095 kg m -3 in cases (a) and (b), respectively. Actually, temperatures of the cave air near the entrances are influenced by external temperature, which lead to formation of a heterothermic zones (see, Wigley & Brown, 1971; de Freitas & Littlejohn, 1987; Luetscher et al., 2008) . This effect predominates near the entrance, through which the external air enters a cave (see Table 1 ). The weaker effect at the opposite side of the cave (near the entrance, through which the air leaves the cave) was neglected at modeling for a better visualization. An impact of exiting cave air on EC weight was neglected as almost insignificant. Then, the airflow behavior is as follows. 
